Diurnal fluctuations in MRI measures of structural and functional properties of the brain have been reported recently. These fluctuations may have a physiological origin, since they have been detected using different MRI modalities, and cannot be explained by factors that are typically known to confound MRI measures. While preliminary evidence suggests that measures of structural properties of the brain based on diffusion tensor imaging (DTI) fluctuate as a function of time-of-day (TOD), the underlying mechanism has not been investigated. Here, we used a longitudinal within-subjects design to investigate the impact of time-of-day on DTI measures. In addition to using the conventional monoexponential tensor model to assess TOD-related fluctuations, we used a dual compartment tensor model that allowed us to directly assess if any change in DTI measures is due to an increase in CSF/free-water volume fraction or due to an increase in water diffusivity within the parenchyma. Our results show that Trace or mean diffusivity, as measured using the conventional monoexponential tensor model tends to increase systematically from morning to afternoon scans at the interface of grey matter/CSF, most prominently in the major fissures and the sulci of the brain. Interestingly, in a recent study of the glymphatic system, these same regions were found to show late enhancement after intrathecal injection of a CSF contrast agent. The increase in Trace also impacts DTI measures of diffusivity such as radial and axial diffusivity, but does not affect fractional anisotropy. The dual compartment analysis revealed that the increase in diffusivity measures from PM to AM was driven by an increase in the volume fraction of CSF-like free-water. Taken together, our findings provide important insight into the likely physiological origins of diurnal fluctuations in MRI measurements of structural properties of the brain.
Introduction
There is growing recognition that apparent measures of brain structure derived from magnetic resonance imaging (MRI) fluctuate diurnally. Specifically, with regard to measures based on T 1 -weighted (T 1 W) images, a consistent finding is that total brain/parenchymal volume decreases from morning (AM) to afternoon or evening (PM), in the absence of any experimental manipulation (Maclaren et al., 2014; Nakamura et al., 2015; Trefler et al., 2016) . In addition, the time-of-day (TOD) related fluctuations in T 1 W measures can be detected not only in large cohort studies (Nakamura et al., 2015) , but also in relatively smaller cohorts with an effect size greater than those reported as training-dependent structural changes (Trefler et al., 2016) . Furthermore, seasonal differences in the length of a day (i.e. photoperiod) have been found to impact hippocampal volume (Miller et al., 2015) suggesting a link between the circadian rhythm and diurnal fluctuations in T 1 W measures of brain structure. Although the biological mechanisms underlying these fluctuations are unclear, what is clear is that the fluctuations have a physiological basis and cannot be explained by factors that are typically known to confound MRI measures. This is evident from the finding that an apparent decrease in brain parenchymal volume as a function of TOD can be detected, despite differences in technical factors such as scanner type, image acquisition protocol, data processing pipelines as well as subject-related factors like, age, head motion, sex and clinical status (Nakamura et al., 2015; Trefler et al., 2016) . Furthermore, diurnal fluctuations in glucose metabolism (Buysse et al., 2004) , regional cerebral blood flow (rCBF) and functional connectivity (Hodkinson et al., 2014) have been detected using other MRI modalities, and some have found that diurnal changes in rCBF are associated with diurnal changes in salivary cortisol (Hodkinson et al., 2014) . The goal of the present study is, to understand better the likely physiological underpinnings of the diurnal fluctuations in MRI measures of brain structure.
A prime candidate for further investigation is cerebrospinal fluid (CSF), or CSF-like water, since our recent findings based on analysis of T 1 W images showed that the TOD-related decrease in the apparent parenchymal volume, which was more pronounced in gray matter than white matter, was correlated with an increase in apparent CSF volume (Trefler et al., 2016) . With T 1 W images however, the volume estimates of various tissue compartments are computed based on arbitrary assumptions regarding their relative T 1 W signal intensities. The interpretation of a change in signal intensity in a tissue compartment as a change in volume rests on the assumption that the T 1 W signal intensities remain constant. However, MR signal intensities may not remain constant for several reasons (Han et al., 2006; Tofts, 2005) . For example, if interstitial water increases in gray matter, the T 1 W signal intensity of gray matter will be more similar to that of CSF, increasing the likelihood of misclassifying a voxel containing gray matter as CSF, which in turn, can be misinterpreted as a decrease in apparent gray matter volume or a decrease in apparent cortical thickness. An additional example from the field of postnatal brain development is the finding that post adolescence, a reduction in gray matter volume is accompanied by an increase in white matter volume as measured using T 1 W images (Giedd et al., 1999) . However, one can argue that a plausible alternative explanation is that changes in the cellular and vascular milieu during brain development (Caley and Maxwell, 1970; Mattson, 1988) may have changed the T 1 W signal characteristics of gray matter making it more similar to that of white matter and increasing the likelihood of classifying gray matter as white matter. These considerations, that we raised previously (Trefler et al., 2016) may help us understand some of the inconsistencies reported in the literature (Walhovd et al., 2017) . Importantly, it is clear that understanding the relation between CSF dynamics and apparent parenchymal volume changes observed as a function of TOD requires the use of an MRI approach that can differentiate if the signal contributions are coming from non-exchanging water compartments.
Diffusion tensor MRI (DTI), a widely-used MRI modality which measures the diffusion of water molecules in tissue (Basser et al., 1994a; Pierpaoli et al., 1996) , can provide additional information about compartmentalization of tissue water. To our knowledge, there have been very few DTI studies that examined the impact of TOD on DTI-based measures of brain tissue microstructure (Elvsåshagen et al., 2015; Jiang et al., 2016) . These studies found widespread changes in diffusion MRI metrics from AM to PM. However, these studies used the classical monoexponential single-compartment DTI model (Basser et al., 1994b) , which does not provide information on whether the change in diffusivity is caused by partial volume contamination from a high diffusivity water pool (CSF-like water) or if it is due to intrinsic changes in the diffusivity of the parenchymal water. Because the diffusivity of water in CSF is 3 times larger than in normal brain parenchyma, even a small amount of CSF can severely affect diffusion measurements in the cortex and periventricular areas (Alexander et al., 2001 ). Thus, if CSF volume was indeed increasing from AM to PM, as suggested by our findings based on the T 1 W images, then the Trace of the diffusion tensor (i.e. the sum of its eigenvalues, equal to 3 times the Mean Diffusivity often reported in the literature) would be expected to increase significantly from AM to PM as well. However, with the single compartment DTI model it would be impossible to assess if the increase in Trace is due to an increase in the volume fraction of a fast diffusing CSF/free-water water pool or due to an increase in water diffusivity within the parenchyma.
We, therefore, used the approach proposed by Pierpaoli and Jones (2004) which models the diffusion signal decay with a biexponential fitting assuming two compartments: (a) an isotropically diffusing water pool with diffusivity equal to the diffusivity of free-water at 37 C (CSF-like free-water), and (b) a parenchymal water pool, with diffusivity lower than that of free-water, described by a full tensor. It should be noted that this model requires a multi shell acquisition of diffusion weighted images with at least an intermediate shell with a b-value suitable to extract the "free-water" pool (3 Â 10 À3 mm 2 /s). This rather simple dual compartment model (Pierpaoli and Jones, 2004) allows us to address the central question of the present study: i.e., can a TOD-related increase observed in Trace be caused by an increase in the volume fraction of the CSF-like water pool or by an increase in the diffusivity of the parenchymal water pool? This led us to test: (1) whether Trace as measured using the conventional monoexponential tensor fitting (TR), increases significantly from AM to PM, but does not change between two AM or PM scans; (2) whether the CSF volume fraction (CSF-VF) as computed based on the dual-compartment model, increases significantly from AM to PM and whether the spatial topography of the increase in CSF overlaps in regions that show a diurnal increase in Trace; (3) whether parenchymal Trace (Par-TR), after removal of the CSF contribution, shows a significant change from AM to PM; (4) Moreover, since the present study was motivated by the findings from our previous study, we sought to examine the relation between any TOD-related changes in CSF as measured using DTI, and the decrease in gray matter volume based on analysis of T 1 W images that was reported previously. (5) Finally, given that our previous work also suggested that short-term cognitive activity may have an impact on the TOD effect, we tested whether any difference in Trace between AM and PM is impacted by this type of activity. We addressed these questions using a longitudinal within-subjects design in which healthy young adults were scanned in the AM and PM across multiple visits.
Materials and methods

Research participants
Twenty-one adult volunteers participated in the present study as part of a larger project that required multiple visits. However, we report data from 19 participants (mean age: 25.8 years; range: 20-38, 10 female) because not enough data were acquired from two participants due to attrition or pulse sequence malfunction. All participants were screened for any history of neurological and psychiatric disorders, as well as drug and alcohol abuse, in a comprehensive interview and determined to be healthy. The participants were also determined to be right-hand dominant based on the Edinburgh handedness inventory (Oldfield, 1971 ). All participants gave written informed consent. As per the policy of the National Institutes of Health (NIH) clinical center, female participants were required to take a standard pregnancy test immediately before the morning scanning session each day. The consent and protocol used for this study were approved by the NIH Institutional Review Board (Protocol 93-M-0170, NCT00001360).
Study design
As described in Trefler et al. (2016) we employed a within-subject design and each participant was scanned across four independent, consecutive visits, with one week between visits (See Fig. 1 ). During each visit, participants were scanned approximately from 10AM to 12PM (AM session) and from 2PM to 4PM (PM session), with a minimum two-hour rest period in between sessions. During Visits 1 and 4, participants were not given any specific instructions during the rest period, and most participants used the time as a lunch break. However, during Visits 2 and 3, participants were given a short lunch break in addition to training on specific computer-based visuo-motor tasks as part of a study investigating training-dependent changes in the brain. In addition, between Visits 3 and 4, all participants were given approximately 1 h of training per day in a visuo-motor task for five consecutive days. The visuo-motor task involved learning to use the index, middle, ring, and little finger of the non-dominant hand to enter an explicitly defined eight-digit sequence as fast and accurately as possible on a cylindrical button box. In the present study, the main focus is on the effect of TOD, independent of any behavioral interventions; therefore, our primary focus is on the data from scans acquired during the AM and PM sessions during Visits 1 and 4. However, to test whether cognitive activity can have an impact on the effect of TOD, we performed additional analysis on the data from Visits 2 and 3, which are described in detail below.
MRI acquisition
Participants were scanned on a 3 Tesla General Electric MR750 scanner with a GE 32-channel head coil. After acquiring images for a 3-plane localizer, ASSET calibration, and two T 1 W MPRAGE scans (described in detail in Trefler et al. (2016) ), a T 2 W fast spin-echo volume was acquired with the following parameters: TE/TR: 122/8333 ms, FOV: 240 mm 2 , acquisition matrix 512 Â 512, and 1.5 mm slice thickness.
Immediately after, whole-brain single-shot echo-planar (EPI) diffusion weighted images (DWI) were acquired, utilizing a pulse sequence with robust fat suppression (Sarlls et al., 2011) and with the following parameters: TE/TR ¼ 86.9/20996 ms, b-values (volumes) (b ¼ 0 (10), b ¼ 300 (10), and b ¼ 1100 (60) s/mm 2 ), voxel size ¼ 2 mm isotropic, acceleration factor (ASSET) ¼ 2, and phase-encode direction: anterior-posterior (hereafter called the AP dataset). A second set of DWI images was acquired using the same parameters, but with the reverse phase-encode direction (i.e. posterior-anterior, (hereafter called the PA dataset)). In total, from Visits 1 and 4, 152 DWI scans were acquired from 19 healthy volunteers. All collected data were found to be of acceptable quality for analysis with the exception of about 12% of the DWI volumes in 3 subjects, which were excluded due to a technical acquisition error.
Processing of MRI images
For each participant, the T 2 W structural volume acquired from the first visit was realigned along the midsagittal plane and the anterior commissure -posterior commissure (AC-PC) axis using MIPAV (http:// mipav.cit.nih.gov). The T 2 W images from the subsequent scans were rigidly aligned to the T 2 from the first session using ANTS (Avants et al., 2008) . DWIs were preprocessed with the TORTOISE software package (www.tortoisedti.org; version 3.0) (Irfanoglu et al., 2017; Pierpaoli et al., 2010) . The DWIs from the AP and PA datasets were corrected for Gibbs ringing (Veraart et al., 2016) , subject motion and eddy-current distortions, with proper rotation of the b-matrix for each volume (Rohde et al., 2004) . Next, we used DRBUDDI (Diffeomorphic Registeration for Blip-Up blip-Down Diffusion Imaging) (Irfanoglu et al., 2015) to combine the AP and PA datasets into a single, high quality dataset, that was corrected for EPI susceptibility distortions, and for this reason we used this dataset (hereafter called the DRBUDDI dataset) for all analysis.
After preprocessing, the diffusion tensor (DT) was computed using two separate approaches. In the first approach, we computed the DT using the conventional monoexponential tensor fitting model (Basser et al., 1994b) . From the DT, we extracted the various conventional DTI maps such as Trace, radial diffusivity (RD), axial diffusivity (AD) and fractional anisotropy (FA) . For each scan session, an estimate of the signal-to-noise ratio (SNR) in a large white matter region of the centrum semiovale was computed for each dataset based on procedures described previously (Chang et al., 2012) .
In the second approach, we computed the DT using the dual compartment model (Pierpaoli and Jones, 2004) . Here, one compartment is modeled as an isotropic compartment with fixed diffusivity set at 3 Â 10 À3 mm 2 /s (the diffusivity of free-water at 37 C) and the other is modeled as a tensor with diffusivity constrained to be less than 3 Â 10 À3 mm 2 /s. This approach yielded voxelwise maps of the volume fraction of the CSF/free-water pool (CSF-VF), as well as, the Trace of the parenchymal compartment when the signal contribution of the free-water spins is removed (Par-TR).
Spatial normalization
In order to transform each participant's data to a standardized space, we used DR-TAMAS (Diffeomorphic Registration for Tensor Accurate alignMent of Anatomical Structures), which uses information from the full diffusion tensor (i.e. anisotropy, trace, and eigenvectors). Unlike other DWI registration methods, which typically rely on anisotropy alone, DR-TAMAS achieves a balanced spatial normalization of all anatomical structures present in the brain, handling even large anatomical variability between subjects (Irfanoglu et al., 2016) . For each participant, we used DR-TAMAS to first create a subject-specific template based on data from all the sessions across the 4 visits, and then used all the subject-specific templates to create a study-specific template. Voxelwise maps of the log of the Jacobian of the spatial transformations from the native space to the subject template, and from the subject template to the study template, were computed. These maps provide an estimate of the local contraction and expansions imposed on each voxel, in order to transform it from the native space to the template space. Finally, the Fig. 1 . Experimental design. Participants were scanned over 4 separate MRI visits, a week apart. During each Visit, participants were scanned from (approximately) 10:00-12:00 (AM) and 14:00-16:00 (PM). On Visits 1 and 4 participants were not given any specific training between the AM and PM scans. But on Visits 2 and 3, between the AM and PM scans, participants were provided training on a visuo-spatial task and a motor sequence learning task respectively. During the week between Visits 3 and 4, participants were provided an hour of training per day for five consecutive days on the same motor sequence that they were trained on during Visit 3.
spatial transformations from native to template space were combined and applied to all the scalar DTI-derived maps (i.e. Trace, RD, AD, FA, CSF-VF and Par-TR), thereby bringing them to a population space for voxelwise analysis.
Statistical analysis
To test the relationship between each DTI measure and TOD, we focused our primary analysis on data that was acquired only during visits when training was not involved (i.e. scans from AM and PM during Visits 1 and 4). Thus, the within-subject design enabled us to compare PM-AM differences as well as AM-AM and PM-PM differences. To assess the relationship between each DTI measure and TOD, for each metric, the AM data from Visits 1 and 4 were averaged voxelwise, and the same was done for the PM data. Then, a permutation-based nonparametric paired ttest (two-tailed) PM vs. AM analysis was performed, using the thresholdfree cluster enhancement (TFCE) method (Smith and Nichols, 2009 ). The resulting statistical maps from all analyses were corrected for multiple comparisons using family-wise error (FWE) rate of 5% (p < .05).
We repeated the permutation based test on the data acquired during the Visits 2 and 3 and assessed TOD-related changes in the DTI measures during the Visits when participants were engaged in short-term cognitive training. In addition, we used the data from all the visits and performed a two-factor analysis (TOD (AM/PM) and Visit-type (Rest/Training)) to directly test for differences in the spatial profile of changes in Trace between Training and Rest Visits.
To test if systematic differences in the SNR of the acquisition were present between the AM and PM session, we performed a two-factor repeated measures ANOVA implemented in SPSS, treating SNR as a dependent measure. The main-effects of TOD (AM/PM) and Visits (Visit1/Visit4) and interactions between TOD and Visit were modelled and tested for significant differences at an alpha of p < 0.05.
Comparison of results from present study with results based on T 1 -Weighted data
As noted in the introduction, the present study was motivated by the findings from our previously published study on the impact of TOD on T 1 -W measures of brain structure. In that study, we used the FSL-VBM pipeline to test whether apparent gray matter volume (GMV) changes significantly from AM to PM during the Rest Visits. Our analysis revealed that participants showed a significant reduction in GMV from AM to PM during the Rest Visits, that appeared to be related to an increase in CSF volume (Trefler et al., 2016) . In order to explore the relation between these findings and any TOD-related changes in the CSF volume fraction maps derived from the DTI data, we reanalyzed the VBM results using the permutation based analysis described above and mapped out the spatial profile of changes in GMV from AM to PM during the Rest Visits. We then registered the statistical maps from the VBM analysis to the study template created for the present study using AFNI (3dallineate), thus allowing us to overlay the GMV maps with the CSF-VF maps and perform a qualitative examination of the correspondence between the maps generated from the different MRI modalities.
Results
We first address the question whether Trace, as measured using the conventional monoexponential tensor fitting fluctuates with TOD.
Trace increases from AM to PM Fig. 2a , shows widespread increase in Trace from AM to PM in regions that are at the interface of CSF and gray matter. The increase in Trace is prominent in the major fissures of the brain such as the Inter-hemispheric Fissure (IHF) and the Sylvian Fissure (SF) as well as major sulci such as, the superior frontal sulcus, the inferior frontal sulcus and superior temporal sulcus. It is important to note that the increase in Trace from AM to PM is robust and spatially well defined, while the opposite contrast (Fig. 2b) shows very few significant voxels in CSF spaces in the brainstem region. Furthermore, when comparing Trace between the two AM and PM scans from Visits 4 and 1, we did not find any evidence for an increase or a decrease in Trace between AM to AM and PM to PM scans separated by 3 weeks. This does not appear to be due to reduced statistical power due to fewer data points, since an increase in Trace from AM to PM, albeit less pronounced, can be observed when considering the data from Visit 1 alone (See Supplementary Fig. 3 ).
TOD-related increase in Trace is not due to technical artifacts
We assessed if the change in Trace was driven by some technical artifacts such as, a change in SNR from AM to PM or some bias inadvertently introduced during transformation of the data from native to template space. First, with regard to SNR, the two-factor (TOD (AM/PM) and Visits (Visit1/Visit4)), repeated-measures ANOVA did not reveal a significant main-effect of TOD (F 1,17 p < 0.40), Visit (F 1,17 p < 0.08), or an interaction between TOD and Visit (F 1,17 p < 0.39) (See Supplementary Fig. 4) . Next, to test for any biases in spatial normalization as a possible explanation for the TOD effect, we performed a voxelwise, permutation-based paired T-test analysis of the log of the Jacobian maps, which essentially serve as maps of the local contractions and expansions imposed on each voxel of a participant's diffusion tensor volume, in order to transform it from the native space, to the template space. This analysis did not reveal any significant changes in the log of the Jacobian suggesting that the increase in Trace from AM to PM was not related to the spatial normalization procedure.
Impact of TOD on widely used DTI measures
Next, we examined whether the increase in TR from AM to PM impacts widely used DTI measures like RD, AD, and FA. As shown in Fig. 3a and b, our analysis revealed a significant increase in RD and AD in the regions that are impacted by TOD, closely overlapping the regions that show an increase in TR from AM to PM. In contrast, as shown in Fig. 3c , there was no evidence for a significant change in FA from AM to PM.
Insights from the analysis based on the dual compartment model
Given that the impact of TOD on Trace was characterized by a significant increase in Trace from AM to PM, an obvious hypothesis to be tested is whether the increase in Trace is driven by an increase in CSF-like free-water as assessed using the dual compartment model. The results from this analysis revealed a significant increase in the CSF/free-water volume fraction from AM to PM in the major fissures and sulci of the brain, forming a close overlap with the same brain regions that showed an increase in Trace from AM to PM (Fig. 4a) . In addition, contrary to the pattern of diurnal increase in Trace as computed using the conventional diffusion tensor model, the Parenchymal Trace computed using the dual compartment model, after removal of the CSF/free-water contamination, did not show any increase from AM to PM (Fig. 4b) .
Relation between TOD-related decrease in T 1 W measures of gray matter volume and CSF fluctuations Next, we sought to examine the relation between the findings from the present study and the TOD-related decrease in apparent GMV that we detected using T 1 W images (Trefler et al., 2016) . Since the previous analysis of these data were performed using a parametric statistical model (i.e. AFNI 3dLME), we reanalyzed the data using the permutation based nonparametric test with TFCE. As shown in Fig. 5 , despite differences in the statistical approach, we reproduced the same result of the previously published analysis-a significant decrease in apparent GMV from AM to PM with similar spatial distribution. Given that our hypothesis was that the apparent decrease in GMV was likely due to CSF-based partial volume contamination, we qualitatively assessed the between the GMV results and the maps from TOD-related changes in CSF-VF. As shown in Fig. 5 , the analysis reveals a similar spatial distribution between the maps from different MRI modalities particularly in the major fissures of the brain suggesting that the TOD-related decrease in GMV as measured using T 1 W images may be driven by an increase in CSF (see also Supplementary Fig. 10 ).
Supplementary video related to this article can be found at https:// doi.org/10.1016/j.neuroimage.2018.02.026.
The impact of cognitive activity between AM and PM scans on the TOD effect
The findings we have reported so far were based on our analysis on the data from the Visits when participants were not given any specific cognitive task. To investigate if the fluctuations in DTI measures were activity dependent, we first examined the spatial profile of TOD related changes in Trace during the Training Visits (Visits 2 and 3). Although the characteristic pattern of TOD-related increases in Trace were observed in the same brain regions (see Supplementary Figure 11 ), the statistical significance of the results during the Training visits appeared to be greatly diminished. Therefore, we used the data from all the Visits and looked for main effects of time-of-day and an interaction effect between time-of-day and Visit-type (Rest/Training). This analysis revealed a significant main effect of time-of-day (see Supplementary Figure 12) , with a spatial distribution that was very similar to Fig. 2a , but did not reveal any clusters showing a significant interaction.
Discussion
The overarching goal of our study was to elucidate the physiological underpinnings of the diurnal fluctuations in MRI measurements of structural properties of the brain that have been reported previously (Trefler et al., 2016) . To accomplish this objective, we used diffusion-weighted images (DWI) that were collected from the same subjects, during the same session as the T 1 W data that initiated this line of enquiry. However, rather than employing the conventional single shell diffusion tensor imaging (DTI) acquisition, we acquired the DWI data with a two-shell experimental design that enabled us to model two distinct water compartments (i.e. free-water/parenchymal water) (Pierpaoli and Jones, 2004) . This allowed us to directly examine if any diurnal fluctuation observed in the diffusivity based on the conventional DTI model, can be attributed to changes in the volume fraction of the CSF-like free-water compartment or to changes in the intrinsic diffusivity of the water within brain parenchyma. The key findings of our study can be summarized as follows:
(1) Our study suggests that Trace of the diffusion tensor as measured using the conventional monoexponential tensor model shows a systematic increase from AM to PM in peri-sulcal cortical regions between scans that were performed hours apart. No increase or a decrease in Trace was detected when comparing pairs of morning or evening scans. Moreover, we did not find any evidence for changes in Trace that could be attributed to technical or data processing artifacts such as systematic differences in SNR. (2) The spatial topography of the TOD-related increase in Trace appears to be highly prominent in the major fissures and sulci of the brain and extending to cortical and subcortical regions bounded by major blood vessels. (3) The increase in TR also impacts DTI measures of diffusivity such as RD and AD, but does not affect FA.
(4) The dual compartment analysis revealed that the increase in diffusivity measures from AM to PM was driven by an increase in the volume fraction of CSF-like free-water pool. Assessment of the parenchymal Trace (i.e. Trace after removing free-water contamination) did not reveal any changes in water diffusivity of brain parenchyma from AM to PM. (5) The regions showing significant differences in CSF-VF maps showed good agreement with regions that showed a TOD-related reduction in apparent gray matter volume as measured using T 1 W images.
In the discussion below, we first relate our findings to the few existing DTI studies that have investigated the impact of time-of-day on DTI measures. Next, we consider the physiological mechanisms that may play a role in mediating the fluctuations observed here. Finally, we consider some of the experimental factors that could account for our findings 
Relation between time-of-day and DTI measures
To our knowledge, there are three studies that have examined the relation between time-of-day and DTI measures. These studies employed a single compartment diffusion model and assessed differences in DTI measures between morning and night, under different experimental contexts, such as normal activity, sleep deprivation and intense cognitive training. One study (Jiang et al., 2014 ) examined changes in DTI measures after 11 h of normal day-to-day activity in a group of young healthy volunteers. Comparison of the DTI measures derived from scans acquired at 8:30 am and 7:30 PM suggested an increase in the apparent diffusion coefficient (ADC), RD, AD and FA in the morning compared to the evening scans, with some evidence for a decrease in RD alone. Another study (Elvsåshagen et al., 2015) explored changes in DTI measures following 14 h (7:30 AM-9:30 PM) of staying awake followed by 9 h of sleep deprivation. They found that 14 h of staying awake resulted in widespread increases in FA that were associated with a decrease in RD, and MD, while 9 h of sleep deprivation resulted in widespread decreases Fig. 4 . Evidence based on maps from the dual compartment model suggest that the increase in Trace from AM to PM is driven by an increase in the volume fraction of a CSF-like free-water pool. (a) A significant increase in the volume fraction of CSF-like free-water can be observed in regions that show an increase in Trace from AM to PM. (b) After removal of free-water contamination, the Trace of the parenchymal water compartment does not show an increase in Trace from AM to PM. (see Supplementary Figs. 8 and 9 for movies showing all the slices). Fig. 5 . The relation between TOD-related decrease in gray matter volume (GMV) as measured using T 1 W images and the TOD-related increase in CSF/Free-Water Volume Fraction (CSF-VF) observed in the DTI data. The clusters in green indicate brain regions that showed a statistically significant decrease in GMV, while the clusters in orange indicate regions that showed an increase in CSF volume fraction from AM to PM, and the clusters in red show the overlap between the two maps. Both maps show a similar spatial pattern particularly along the major fissures and sulci suggesting that the decrease in GMV may be driven by an increase in a CSF-like freewater pool.
in FA that were associated with a reduction in AD. In a somewhat similar vein, Bernardi et al. (2016) scanned volunteers at 5 time points across different conditions (sleep, intense cognitive activity (12-24 h) and sleep deprivation) and found that whereas prolonged cognitive activity resulted in a significant decrease in MD, which decreased further with sleep deprivation, the decrease in MD associated with prolonged cognitive activity was normalized to baseline level following sleep. While these studies, in general, suggest that MD (i.e. Trace/3) tends to decrease following prolonged wakeful activity, our findings suggests that approximately 3 h of restful activity results in an increase in Trace. While, the comparison between Trace changes from AM to PM during the Training Visits suggested that the TOD effect may be attenuated when the PM scan is followed by activity such as cognitive training, we did not find evidence for a significant interaction between TOD and the Visit-type (Rest/Training). This suggests that there may be small changes in diffusion properties that are modulated by activity, but with different water compartment specificity compared to the nature of the TOD effects that we observed.
The differences between our results and these three studies can be reconciled when taking into consideration the following factors. For instance, the methods used for measuring changes in DTI measures as a function of time-of-day were different. For example, Elvsåshagen et al. (2015) performed their analysis on "skeletonized" white matter. Conversely, Bernardi et al. (2016) used segmentation maps derived from Freesurfer processing of each subjects' T 1 W images and generated masks to remove partial volume voxels along the GM-WM and GM-CSF boundary and focused their analysis on voxels with an MD/Trace less than 3 Â 10 À3 mm 2 /s. Thus, by design, the approach adopted by these two studies precluded them from finding the changes in Trace at the gray matter-CSF interfaces that we found to be prominent in our study.
The study by Jiang et al. (2014) however, used a voxelwise analysis that is more similar to the approach that we employed, although there are significant differences with regard to the DWI sequence that they used, preprocessing methods, as well as spatial normalization strategy, which makes it difficult to make a straightforward comparison with our study. Nevertheless, they found an increase in ADC, RD, AD and FA in the AM compared to PM scan that was roughly 11 h apart (~7:30 AM-8:30 PM), while our study suggests an increase in the PM compared to AM scan, roughly 4 h apart (11 AM-3 PM). This difference in the time frame of the scans also makes it difficult to compare results across studies, since CSF dynamics has been suggested to be modulated by the circadian rhythm and has been found to fluctuate with time-of-day (Nilsson et al., 1992) . That said, it is worth noting that the spatial distribution of the ADC increase reported by Jiang et al. (2014) is in some ways similar to the pattern that we observed, with the TOD-related fluctuations localized along the GM-CSF boundary, particularly along the major fissures and sulci of the brain. However, the increases in FA with prolonged wakefulness reported by Jiang et al. (2014) and the fluctuations in the FA skeleton reported by Elvsåshagen et al. (2015) is difficult to account for, since we do not find significant changes in FA in the same time frame that we find fluctuations in the diffusivity measures that were computed using the single compartment model. Moreover, the analysis based on the parenchymal Trace suggests that the diffusivity of brain parenchyma does not change significantly, at least within the time frame of our study. Therefore, a more comprehensive sampling of DTI measures along the sleep-wake cycle is necessary to better understand the spatio-temporal profile of CSF dynamics in the brain.
The likely physiological basis for fluctuations in DTI measures
A key novel feature of our study is the use of the dual compartment model for analyzing the diffusion data, which helps assess directly the role of different water pools in determining the observed diurnal fluctuations. As noted in the introduction, we adopted a model which assumes an isotropically fast-diffusing water pool with diffusivity equal to that of free-water at 37
C and a parenchymal slower-diffusing water pool. When the fast and slow pools of water are not separated, as in the conventional measurement of Trace/MD, a significant increase in Trace can be observed in the PM compared to AM. Furthermore, when the contribution from the fast-diffusing pool is removed, we found no increase in the Trace of the parenchymal compartment (slow diffusivity) from AM to PM. Therefore, we can reasonably rule out the possibility that TOD-related changes in Trace originate from water pools whose contribution would be reflected in the parenchymal water pool, like extracellular or intracellular water. Thus, our results suggest that the increase in Trace observed in the single compartment analysis is driven by the contribution from a separate compartment of CSF-like fast diffusing water. Can we then unequivocally equate this compartment with CSF? We believe we cannot do so conclusively with the present data.
It is important to keep in mind that the fast-diffusing compartment we are investigating with our simple model is likely to include contributions not only from CSF, but also from blood flow (Intra Voxel Incoherent Motion (IVIM) (Le Bihan et al., 1988) ), water in perivascular spaces, and water in any lacuna or cavity in the tissue with a diameter larger than a few tens of microns. Separating these contributions on the basis of their diffusion properties may be possible, but it would require more complex models and most importantly, excellent data sampled with a large number of diffusion values in the low b-value range. Indeed, one limitation of the dual compartment model used here is that in regions where a large percentage of the signal decay can be attributed to the fast diffusion compartment, the estimate of the parenchymal Trace becomes very unstable because of the small percentage of signal that can be used for the estimation of the parenchymal tensor. Therefore, the conclusion, that no significant TOD effects can be observed in the value of the parenchymal Trace is valid only for regions where the CSF volume fraction is low enough to enable a meaningful estimation of the parenchymal tensor. Finally, it is highly likely that there are multiple physiological factors at play. CSF dynamics, for example, is inextricably tied to blood flow dynamics involving the cardiac and respiration cycle (Dreha- Kulaczewski et al., 2017 Kulaczewski et al., , 2015 , but also neuroendocrine factors (Chodobski and Szmydynger-Chodobska, 2001) , and it is difficult to tease apart the role of each of these factors with MRI measures alone. That said, based on some recent explorations on the "glymphatic system" (Jessen et al., 2015) , we offer some speculations about the likely physiological mechanism underlying the TOD effect.
The glymphatic system has been described as a glial-dependent perivascular network by which, CSF enters the brain through periarterial spaces and interstitial fluid, and via convective flow, exits the brain within perivenous channels, thereby clearing the toxic metabolic waste that accumulates in brain parenchyma (Plog and Nedergaard, 2017) . Based on rodent models, glymphatic clearance has been demonstrated to be activated during sleep and dramatically reduced during the awake state (Xie et al., 2013) . However, a recent study (Ringstad et al., 2017) compared CSF flow characteristics and glymphatic function in a group of patients with idiopathic normal pressure hydrocephalus against a reference group comprising patients with suspected CSF leakage. T 1 -W images were acquired from these participants at multiple time points, after intrathecal injection of a contrast agent (Gadobutrol) that served as a CSF tracer. The key finding was that during the awake cycle, the CSF tracer propagates in subarachnoid space antegradely, with a tendency for distribution along the major cerebral fissures (e.g. Interhemispheric Fissure and Sylvian Fissure) that were traversed by the major leptomeningeal arteries. Notably, T 1 signal enhancement due to glymphatic clearance was found to be much slower in humans compared to rodents, and tended to peak during the final scan, 24 h post administration of the contrast agent, providing further support for the role of sleep.
The increase in Trace from AM to PM that we observed in the present study, is most prominent in the major cerebral fissures and sulci, and bears a striking resemblance to the spatial topography of CSF flow mapped using the CSF contrast agent. Morover, others (Hodkinson et al., 2014) have found that fluctuations in regional cerebral blood flow in brain regions like the interhemispheric fissure, were found to correlate with diurnal changes in salivary cortisol level. Thus, one plausible explanation is that, from AM to PM, there is an increase in CSF flow that closely follows the topography of the vascular system and this fluctuation may be modulated by circadian and homeostatic processes. While we were able to document the increase in Trace from AM to PM along the major fissures, which would be consistent with an enlargement of the perivascular spaces, we did not detect a significant reduction in the Trace of the parenchyma per se, which is to be expected to show a decrease in interstitial volume (Xie et al., 2013) . This hypothesis, however, cannot be excluded and needs to be investigated in future studies with improved statistical power.
Experimental factors and general considerations
Moving forward, future studies focused on elucidating the physiological mechanisms underlying the fluctuations reported here should consider measuring physiological factors that can impact the MRI signal, such as respiration, cardiac pulsation, body temperature and blood pressure. Additionally, it is important to be mindful of factors such as caffeine consumption, level of hydration, quality of sleep, food consumption as well as the different rhythms (i.e. ultradian (Monk, 2005) , circadian (Schmidt et al., 2007) , infradian (Eastwood et al., 1985) ) that govern the human body and behavior, as they have been found to impact MRI measures (Hodkinson et al., 2014; Pletzer et al., 2010) ). That these factors were not fully considered in our study, as well as those in the literature is a limitation that needs to be addressed in the future.
Our findings underscore the importance of considering time-of-day as a potential confounding factor in longitudinal and cross-sectional experimental designs. Typically, a longitudinal design is necessary to measure training-dependent plasticity, and most MRI studies either acquire a single baseline/control scan (Thomas and Baker, 2013) and compare against a post-training scan acquired a few hours after the baseline, or at some other time point. If we had adopted a similar design, it is highly unlikely that we would have detected the impact of TOD on MRI measurements of structural properties of the brain. Thus, our study demonstrates the value of incorporating additional control scans in the experimental design for assessing intrinsic measurement error. Similarly, in cross-sectional designs, a systematic bias in scanning one group during a particular time-of-day for pragmatic reasons, can give rise to significant differences in MRI measures that can be misinterpreted as some difference in brain structure originating from a clinical condition. In this context, it is also worthwhile to recognize the limitations of using MRI images to derive anatomically meaningful measures like cortical thickness and gray matter volume based on T 1 W MRI. For example, we found that the CSF-VF increase from AM to PM overlapped with brain regions that showed a TOD-related reduction in apparent GMV as measured using T 1 W images. This suggests that the TOD-related increase in the volume fraction of the CSF-like compartment is likely responsible for the "apparent" decrease in cortical thickeness and GMV, when in reality these measures of brain structure are perhaps unaffected. As we and others have suggested (Trefler et al., 2016; Walhovd et al., 2017) , it is perhaps more appropriate to label these derived quantities with the caveat that they are "apparent" measures of cortical thickness or gray matter volume. Finally, in light of the findings that the TOD fluctuations in apparent brain parenchymal volume and glymphatic clearance differs across clinical groups (Nakamura et al., 2015; Ringstad et al., 2017) , highly controlled, multimodal MRI studies of basic brain physiology are necessary for understanding the mechanisms underlying diurnal fluctuations in brain physiology and its relation to behavior.
